DNA of Yaba virus, a member of the poxviruses, was mapped by cross-hybridization between fragments of various restriction enzymes. The genome was approximately 13 5 kb in length and possessed two characteristic features of poxviruses: cross-links and inverted terminal repeats at both termini. Hybridization of fragments of Yaba virus DNA to known vaccinia virus DNA fragments indicated that the thymidine kinase (TK) gene mapped within the 0.9 kb XhoI-HincII fragment between 52"5 and 53'5 kb from the left end of the genome. The fragment could rescue the TK + phenotype in TK cells preinfected with a TK vaccinia virus mutant. Nucleotide sequencing of the fragment revealed an ORF capable of encoding 181 amino acids. The sequence TAAAAATG-AAAAATTA upstream of the ORF was considered to be the promoter and the downstream sequence TTTT-TAT to be the early transcription termination signal. These sequences are in good accord with the consensus regulatory sequences for the expression of early genes of other known poxviruses. The amino acid sequence similarity among the poxvirus TK genes suggests that Yaba virus is most closely related to swinepox virus and less similar to fowlpox virus.
Introduction
The isolation of Yaba virus dates back to 1958 (Bearcroft & Jamieson, 1958) . It was found in rhesus monkeys in Yaba (Nigeria) in association with benign tumours and was later demonstrated to be a poxvirus (Andrewes et al., 1959; Niven et al., 1961) . One of the important characteristics of this virus is its induction of transmissible tumours in Asiatic monkeys (Niven et al., 1961 ; Ambrus et al., 1963; Sproul et al., 1963) and man (Grace & Mirand, 1963) . No outbreak in monkey colonies has ever been reported since the first isolation. The virus is particularly difficult to grow in cultured cells. For these reasons, the virological characteristics of this potentially interesting poxvirus have not been well defined (Moss, 1990) .
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between the genomes of Yaba virus and monkeypox virus, determined by hybridization, is reported to be less than 10 % (Rouhandeh et al., 1982) . On the other hand, another poxvirus from monkeys, Tanapox virus, first isolated from a human in Tana River valley in Kenya in 1957 (Downie et al., 1971) , seems to be very similar to Yaba virus. Yaba and Tanapox viruses share common antigens in the complement fixation test. They also exhibited partial protective cross-immunity (Downie & Espafia, 1973) . The relationship of these two viruses was also observed by cross-neutralization (Tsuchiya & Tagaya, 1971 ) and DNA hybridization (Knight et al., 1989) tests. To assess the relatedness among poxviruses the amino acid sequences of the thymidine kinase (TK) gene have frequently been used for comparison (Upton & McFadden, 1986; Feller et al., 1991) . Moreover, the TK gene has been used as a convenient locus for insertion of foreign genes into poxviruses (Moss, 1990) . In this study, we made a physical map of Yaba virus DNA and determined the location and nucleotide sequence of the TK gene.
supplied by Dr S. Kato (Institute for Microbial Diseases, University of Osaka, Japan), who had originally received the virus from Dr C. H. Andrewes and passaged it through monkeys. Yaba virus and vaccinia virus (WR strain) and a vaccinia virus TK-mutant, AE8, were propagated in JINET (Tsuchiya et al., 1969 a) , HeLa and TK-143 cells, respectively. These viruses were purified as described by Joklik (1962) .
Determiuation of cross-linked restriction fragments. The genomes of poxviruses have a covalently cross-linked terminus (Geshelin & Berns, 1974) . Using this property, the restriction fragments from the terminus can be identified by their ability to renature rapidly (Wittek et al., 1977 ; Archard & Mackett, 1979) . Cross-linking of Yaba virus DNA was examined by the procedure described by Archard & Mackett (1979) . Endonuclease digests were denatured at 60 °C for 15 min in the presence of 60 % formamide. After being cooled on ice, samples of the denatured digests were run in parallel with undenatured digests on an agarose slab gel. Rapidly renaturing restriction fragments of the Construction of recombinant viruses. Recombinant plasmids were constructed as described previously by Pickup et al. (1986) . An insertion vector plasmid was made by inserting the HindIII J fragment of DNA from vaccinia virus into a pBR322 vector whose EcoRI site had been eliminated (this plasmid DNA is designated PLJN hereafter). In another construct, the EcoRI site of the J fragment of PLJN was converted to a BamHI site by ligation of a synthetic linker (plasmid designated PLJB). Various fragments of the Yaba virus DNA were inserted into the EcoRI or BamHI sites within the TK gene in the HindIII J fragment. TK-143 cells were transfected with PLJN and PLJB containing these Yaba virus DNA inserts 2 h after the cells had been infected with the vaccinia virus TK-mutant, AE8, at a multiplicity of 0.05 p.f.u, per cell. At 6 h after infection, the medium was changed to one containing 1 laM-methotrexate. The progeny virus was passaged twice in TK 143 cells in the presence of 1 gM-methotrexate to confirm growth of recombinant virus of the TK + phenotype (Weir et al., 1982) .
Nucleotide sequencing. A 0.9 kb XhoI HincII fragment of the Yaba virus DNA containing the putative TK gene was subcloned into pUC 19. The nucleotide sequence was determined by the dideoxynucleotide chain termination method using an automatic sequencer (Applied Biosystems).
Results

Structure of the Yaba virus genome
Digestion of the Yaba virus DNA with KpnI, BamHI, PstI, EcoRI and SalI yielded 10, 14, 12, 5 and 9 fragments, respectively (Table 1) . Restriction fragments of vaccinia virus DNA were used as size markers. Enzymes Sinai and XhoI had one and two restriction sites, respectively, but they are not shown in Table 1 .
Yaba virus
Restriction fragments totalled about 135kb, which corresponds to the genome sizes of parapox virus and capripox virus (Menna et al., 1979; Gershon & Black, 1988) . The genomes of poxviruses have two characteristic features: (i) they have inverted terminal repetitions (ITR) at both ends (Garon et al., 1978; Wittek et al., 1978; Archard & Mackett, 1979) and (ii) two DNA strands are linked by covalentty closed hairpin loops (Geshelin & Berns, 1974; Baroudy et al., 1982) . The cross-linking of Yaba virus DNA was detected by its ability to renature rapidly following denaturation (Wittek et al., 1977; Archard & Mackett, 1979) . Rapid renaturation of Yaba virus DNA was found with BamHI C and I, XbaI B and L, and PstI C and E fragments (Fig. 1) . The diffuse bands in gels indicated terminal length heterogeneity in end fragments of the poxvirus DNA. This was eliminated on cloning the virus (Wittek et al., 1978; Mackett & Archard, 1979) . The diffuse XbaI L band may be the result of using Yaba virus DNA without plaque purification. Although the KpnI bands are not shown in Fig. 1 , by alignment of these fragments the largest 2 M terminal fragment and the smallest 1 M terminal fragment were considered to be located at 2.9 kb (KpnI H) and 3.1 kb (XbaI L), respectively (Figs 1 and 2). Yaba virus DNA thus seems to have cross-linking and ITRs of between 2-9 and 3" 1 kb, at both ends. Rouhandeh et al. (1982) reported that Yaba virus DNA hybridizes to HindIII fragments K, L and M, and to XhoI fragments A, B, C, E and G of monkeypox virus DNA, indicating some relatedness between these two poxviruses of monkey origin. We also found that Yaba virus DNA hybridized to HindIII D, E, H and J (including the TK gene) fragments of vaccinia virus DNA (data not shown). Reciprocally, the restriction 
Construction o f restriction maps
A restriction map of the Yaba virus D N A was constructed by cross-hybridization of the restriction fragments. Some overlapping fragments were also detected by double digestion as described by Wittek et al. (1977) . The PstI F and G, BamHI E and L, SalI D, E and H, and XbaI C and E fragments of the Yaba virus D N A were isolated from gels, labelled and used as probes to hybridize to Southern blots of homologous and heterologous restriction fragments of the DNA. The crosshybridization data are summarized in Table 2 . The SmaI and XhoI sites were mapped by double digestion. The location of terminal fragments was determined by rapid renaturation as shown in Fig. 1 . By these approaches, physical maps of cleavage sites for PstI, BamHI, KpnI, EcoRI, SalI, SmaI and XhoI were completed (Fig. 2) .
Mapping o f the TK gene
Some of the restriction fragments of the Yaba and vaccinia virus DNAs cross-hybridized with each other as shown in Fig. 2 . Included among these is the HindIII J fragment of the vaccinia virus DNA, which contains the T K gene. This suggested that the Yaba virus T K gene might contain sequences conserved among T K genes of other poxviruses. As shown in Fig. 3 Yaba virus T K gene is located within the 6"0 kb PstI XbaI (Pt-Xa) fragment between 51 and 57 kb from the left end of the viral genome (Figs 2 and 4) . To confirm the location of the T K gene within the 6"0 kb Pt-Xa fragment, the 4.3 kb XbaI H (Xa-Xa) and the 3"0 kb P s t I -B a m H I (Pt-Ba) fragments located within this 6-0 kb fragment were cloned into the T K gene of a recombinant plasmid (PLJN or PLJB). TK-143 cells already infected with T K -mutant vaccinia virus AE8 were transfected with the recombinant plasmids containing the 4.3 kb Xa-Xa and the 3.0 kb Pt-Ba fragments. The T K + phenotype was demonstrated in cultures transfected with the Pt-Ba fragment, but not with the Xa-Xa fragment (Fig. 4a) .
To define further the location of the T K gene, the PtBa fragment was cleaved with appropriate restriction endonucleases and several recombinant plasmids were constructed (Fig. 4b) . The production of recombinant T K + vaccinia virus was shown by transfection with recombinant plasmids that contain the 0.9 kb XhoIHincII (Xo-Hc) fragment located within the Pt-Ba fragment. The recombinant T K + vaccinia viruses were generated with the Yaba virus insert in both orientations. This suggests that the promoter of the T K gene of Yaba virus functions even in vaccinia virus. The function of these sequences in controlling the Yaba virus T K gene has to be determined. 
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Nucleotide sequence of the TK gene
To establish the precise structure of the TK gene, the nucleotide sequence of the 0.9 kb Xo-Hc fragment was determined. As expected, an open reading frame (ORF) of 543 nucleotides was found in the fragment (Fig. 5) . The ORF is oriented toward the right end of the genome and could encode a peptide of 181 amino acids. The alignment of the amino acid sequence indicated that Yaba virus contains many consensus sequences conserved within the TK of other poxviruses. The extent of predicted amino acid sequence similarity of the TK genes was 61.0-65.2% between Yaba virus and other poxviruses, such as camelpox (Binns et al., 1992) , variola (Esposito & Knight, 1984) , monkeypox (Esposito & Knight, 1984) , capripox (Gershon & Black, 1989) , Shope fibroma (Upton & McFadden, 1986) , vaccinia (Hruby et al., 1983; Weir & Moss, 1983) and swinepox (Feller et al., 1991) viruses, while the fowlpox TK gene (Boyle et al., 1987) is less closely related to that of Yaba virus (47.0 % predicted amino acid similarity). Feller et al. (1991) have previously reported that Shope fibroma TK protein shared between 63"1 and 64.8 % similarity with the TK from swinepox, vaccinia and capripox viruses but only 47.2% similarity with fowlpox virus. These results suggest that the TK protein of the avipox virus is different from those of other poxviruses.
Regulatory sequences of TK gene expression
Early genes ofpoxviruses have AT-rich regions upstream of the ORF (Weir & Moss, 1983) and generally have a early transcription termination signal TTTTTNT near the end of the coding region (Yuen & Moss, 1987) . The TK gene of Yaba virus has the sequence TAAAAAT-GAAAAATTA upstream of the ORF, which is almost the same as the 'strong promoter', AAAAATTGAAA-AATTA, described by Davison & Moss (1989) . The sequence TTTTTAT found near the end of the ORF was considered to be an early transcription termination signal. The TK gene of Yaba virus thus has characteristic features similar to those of other poxviruses. 
Discussion
Physical maps of the Yaba virus genome were constructed by end-fragment determination and analysis of cross-hybridization among restriction fragments. The results of cross-hybridization between the Yaba virus and vaccinia virus DNAs meant that the left to right orientation of the Yaba virus genome physical map could be determined by placing the Yaba virus fragments in positions analogous to those of genes of vaccinia virus (Fig. 2) . The restriction sites of the Yaba virus DNA were partly different from those published by Kilpatrick & Rouhandeh (1985 , although the virus strain used in this study was apparently the same. The reason for this discrepancy is not known but may involve differences in the passage history of the virus.
The TK gene of Yaba virus was located using the vaccinia virus TK gene as a probe. The 0"9 kb Xo-Hc fragment between 52'5 and 53"5 kb from the left end of the viral genome showed a TK + phenotype irrespective of the orientation of its promoter within vaccinia virus. The TK genes of swinepox (Feller et al., 1991) , fowlpox (Boyle et al., 1987) and Cotia (Y. Ueda & S. Morikawa, unpublished data) viruses were expressed with their own promoters in the recombinant vaccinia virus without the presence of a vaccinia virus promoter. These results suggest that TK promoters of poxviruses function within poxviruses of other genera.
The amino acid sequence similarity of the Yaba virus TK was 65.2, 64.4, 63'6, 62.1, 62"1, 61"0, 61"0 and 47.0% to those of swinepox, vaccinia, Shope fibroma, capripox, monkeypox, variola, camelpox and fowlpox viruses, respectively. These results indicated that the Yaba virus TK gene is most closely related to that of swinepox virus and is different from that of fowlpox virus.
In addition to the TK gene described above, we found that the HindIII E fragment of vaccinia virus DNA specifically hybridized to the KpnI D fragment of Yaba virus DNA. As the gene encoding DNA polymerase is located in the HindIII E fragment of vaccinia virus DNA (Jones & Moss, 1984) , the KpnI D fragment may include the Yaba virus version of this gene. Furthermore, the locus encoding the cell growth factor was recently identified in DNAs of vaccinia and molluscum contagiosum viruses Reisner, 1985; Porter & Archard, 1987) . Studies are now going on to test for such genes regulating cell proliferation in the Yaba virus DNA.
The analysis of the TK gene of Yaba virus DNA presented in this work indicates that this virus may be slightly more closely related to swinepox virus than to vaccinia, Shope fibroma, capripox, monkeypox, variola and camelpox viruses. The study of virus-cell interaction, particularly the tumorigenicity of this poxvirus, is of interest. Considering the strict tissue tropism and strong TK gene promoter of this virus, Yaba virus DNA may be useful as a unique expression vector for future work.
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